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Abstract

Purpose This review aims to elucidate the neural mechanisms driving colorectal cancer (CRC) growth, metastasis, and thera-
peutic resistance, summarizing the roles of neurotransmitters, neurotrophic factors, and neural signaling in carcinogenesis.
It further explores therapeutic strategies targeting neural dependencies in CRC.

Methods A comprehensive PubMed search was conducted using the keywords colorectal cancer and tumor innervation,
focusing on studies published between 2000 and 2024. The review synthesizes evidence across four domains: neurotrans-
mitter-receptor interactions, gut-brain-microbiota axis dynamics, neuroimmune modulation, and neural regulation of cancer
stem cells, discussing their collective impact on CRC pathophysiology.

Results Neural innervation significantly influences CRC progression. For instance, the neurotransmitter serotonin promotes
tumor growth and metastasis via paracrine and autocrine stimulation, while neurotrophic mediators like nerve growth factor
(NGF) and brain-derived neurotrophic factor (BDNF) activate oncogenic signaling through receptor tyrosine kinases (RTKs).
Downstream pathways, such as Wnt/p-catenin signaling, are modulated by neural inputs, underscoring CRC’s neurodevel-
opmental dependency and highlighting their potential as therapeutic targets.

Conclusion Neural mechanisms are pivotal in CRC progression, revealing novel therapeutic avenues. Strategies targeting
neurotransmitter synthesis, neurotrophic signaling, or neuroimmune crosstalk may disrupt tumorigenic loops while preserv-
ing systemic nervous system integrity. Future research must prioritize translating these insights into clinical interventions
to improve patient outcomes. Elucidating the intricate interplay between neural mediators and cancer pathogenesis, coupled
with developing therapies specifically targeting the neurogenic basis of CRC aggressiveness, represents a critical frontier
in oncology.
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actively modulating tumor cell proliferation and migration
via neurotransmitter-receptor interactions (e.g., norepineph-
rine and acetylcholine) and remodeling neurotrophic fac-
tor-driven tumor innervation and angiogenesis (e.g., altered
expression of nerve growth factor (NGF) and brain-derived
neurotrophic factor (BDNF)). This bidirectional neuro-can-
cer interplay positions neural regulation as an indispensable
axis in CRC progression and a novel therapeutic frontier.

This review establishes a conceptual framework to
delineate neuro-oncological dynamics. First, it elucidates
the intricate reciprocity between de novo neurogenesis and
neoplastic evolution, emphasizing the trophic influence of
neurotransmitters, neurotrophic factors, and neural signal-
ing pathways on tumor growth. Second, it interrogates the
pathogenic contributions of the microbiome-gut-brain axis,
neuroendocrine communication, and neuroimmune crosstalk
in CRC pathogenesis. Thirdly, by highlighting the cardinal
role of neural activity in sculpting tumor biology—particu-
larly through driving cancer stem cell self-renewal, niche
formation, and metastatic dissemination—this work pro-
poses precision neuro-oncology strategies that selectively
target tumor-addicted neural dependencies while preserving
systemic neural integrity. Such approaches may circumvent
resistance mechanisms inherent to traditional therapies (e.g.,
EGFR inhibitors) and pioneer transformative combinatory
regimens.

Global burden and epidemiological
significance of colorectal cancer

According to the 2020 Global Cancer Statistics published by
the International Agency for Research on Cancer (IARC),
CRC imposes a substantial global burden: approximately
1.93 million new cases (accounting for 10.0% of total can-
cer cases) and 935,000 deaths (9.4% of total cancer-related
deaths) were reported worldwide, placing CRC third in
incidence and second in mortality among all malignancies
[1]. Although age-standardized incidence rates (ASIR) of
CRC have shown a declining trend in some high-income
countries due to the implementation of standardized screen-
ing programs, recent studies highlight a rapid increase in
early-onset colorectal cancer (defined as cases diagnosed
before age 50) in Western nations [2]. Despite substantial
advancements in CRC diagnosis and targeted therapies over
the past decades, the regulatory networks within its tumor
microenvironment remain incompletely elucidated. Notably,
emerging research has identified the critical role of tumor
innervation within the tumor microenvironment. There-
fore, systematically deciphering the molecular mechanisms
underlying neural regulation in CRC will provide a theoreti-
cal foundation for developing innovative targeted therapies
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and hold significant translational value for improving patient
prognosis.

Neuroanatomy and function innervation
of the colorectum

The innervation of the colon and rectum is rather com-
plex, and the nervous system can be divided into two parts:
the extrinsic and intrinsic nervous systems. The extrinsic
nervous system consists of the sympathetic and parasym-
pathetic nerves, while the intrinsic nervous system is the
enteric nervous system (ENS), which is unique to the intes-
tine. Regarding sympathetic innervation, the right colon
and appendix are innervated by fibers from the superior
mesenteric ganglion, which release norepinephrine, ATP,
and neuropeptide Y, thereby delaying intestinal transit and
secretion, inhibiting smooth muscle contraction, and causing
intestinal vasoconstriction [3]. The left colon (including the
transverse colon, descending colon, and sigmoid colon) and
the upper rectum are innervated by fibers from the inferior
mesenteric ganglion, exerting similar inhibitory effects. As
for the parasympathetic nerve, the colon is innervated by
the vagus nerve and sacral efferent nerves from the central
nervous system. The vagus nerve descends to the pre-aortic
plexus and follows the colonic branches of the superior mes-
enteric artery, acting on the cecum, ascending colon, and
most of the transverse colon. The sacral efferent nerves can
reach as high as the left colic flexure. They mainly release
acetylcholine to exert excitatory or inhibitory regulation on
gastrointestinal tone and motility. The sympathetic nerve
fibers of the rectum originate from the L1-L3 segments and
form the lumbar sympathetic nerve after passing through the
sympathetic ganglia. The parasympathetic nerve is managed
by the pelvic splanchnic nerve, and their fibers converge into
the pelvic plexus on the pelvic side wall. The neurons of the
ENS are distributed in thousands of small ganglia, mainly
concentrated in the submucosal and myenteric plexuses [4].

This system has complete reflex pathways and can con-
trol intestinal contraction, regulate local blood flow, and the
movement pattern of fluid through the mucosa. It also col-
laborates with the intestinal endocrine and immune systems
to play a role in nutrient absorption and maintaining the
mucosal barrier [5]. Additionally, the brain-gut axis (BGA)
reveals the bidirectional regulatory relationship between
the brain and the gut in gastrointestinal function and the
gut-brain pathway. The intestine can synthesize and secrete
neuroactive molecules that cross the blood-brain barrier to
affect the central nervous system. At the same time, neuroac-
tive molecules from the brain can also act on the intestine
through the sympathetic and parasympathetic nervous sys-
tems or humoral pathways to regulate its function [6].
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Abnormal neural innervation in colorectal cancer

Comparative survival rates of colorectal cancer patients
show that those with positive sympathetic nerve expres-
sion have a better prognosis than those with negative sym-
pathetic nerve expression. As parasympathetic nerve and
o— InAChR expression increase in colorectal cancer tissue,
patient prognosis worsens, indicating that parasympathetic
nerves promote advanced colorectal cancer progression
through a— 9nAChR [7]. The sympathetic nervous system
activates B-adrenergic receptors by secreting norepinephrine,
thereby stimulating tumor cell proliferation. The parasym-
pathetic nervous system stimulates tumor cell invasion and
metastasis by secreting acetylcholine to activate M receptors.
Studies have shown that chemical sympathectomy using
6-hydroxydopamine (6-OHDA) can reduce the incidence of
azoxymethane (AOM)-induced colorectal cancer in rats [8].
In advanced colorectal cancer, compared to removing sym-
pathetic nerves, removing parasympathetic nerves reduces
tumor incidence, volume, and weight and decreases prolifer-
ation cell nuclear antigen and Ki- 67 immunostaining, indi-
cating inhibition of tumor cell proliferation. Removal of par-
asympathetic nerves also downregulates vascular endothelial
growth factor and CD31 expression, effectively inhibiting
tumor angiogenesis in rat colon tissue. Additionally, expres-
sion levels of nerve growth factor, M3 receptors, and f— 2
adrenergic receptors in tissue are significantly reduced [9].
In summary, sympathetic nerves are more prevalent in early-
stage cancer with a better prognosis, while parasympathetic
nerves are more prevalent in late-stage cancer with a poorer
prognosis.

The role of the nervous system in tumor
development

The nervous system plays a crucial role in the progression
of tumors, exerting regulatory effects through various mech-
anisms. Cancer cells in head and neck cancers (with p53
mutation) secrete miRNA-miR- 43a within vesicles, driv-
ing the reprogramming of cancer-associated sensory neurons
into adrenergic neurons, similar to sympathetic neurons [10].
Similar mechanisms in prostate and pancreatic cancers sug-
gest that cancer cells aim to guide nerve innervation through
the expression of chemorepellent/attractant and axon guid-
ance molecules. On the other hand, cancer cells can also
exhibit attenuated nerve innervation, for instance, head and
neck cancer cells release vesicles (exosomes) containing
EphrinB1, which can induce nerve fiber growth, thus block-
ing exosome release weakens tumor nerve innervation [11].

Tumor progression induces stromal reactivity, upregu-
lating cytokine production by resident fibroblasts nearly
as same as NE, suggesting that the ability of fibroblasts to

coordinate neoangiogenesis and maintain inflammation in
the vitreous is enhanced with the release of catecholamines.
Some certain cytokines enhance § 3-AR expression in mela-
noma cells, while § 2-AR is upregulated by cytokines, thus
suggesting a feed-forward loop between NE and its cog-
nate receptors. In cancer, adrenergic signaling from tumor
cells induces the release of nerve growth factor (NGF) and
brain-derived neurotrophic factor (BDNF), increasing nerve
density in the tumor area. This in turn leads to increased
adrenergic signaling, resulting in norepinephrine accumula-
tion, activation of p-adrenergic receptors, and remodeling
of the extracellular matrix of cancer-associated fibroblasts
(CAFs). This remodeling will further support tumor growth
[12-14] (Fig. 1).

In gliomas, specific synaptic connections can also be
established between neurons and cancer cells. Here, neu-
rons surrounding the tumor secrete neural glial protein- 3,
promoting the formation of neuron-glioma synapses with
specific types of AMPA receptors on glioma cells [15].
The activation of these neurons promotes cancer growth
by releasing glutamate salts to stimulate glioma cell prolif-
eration and invasion. Furthermore, the activation of AMPA
receptors on glioma cells stimulates the self-release of gluta-
mate, thus activating AMPA receptors in an autocrine man-
ner and further activating neurons.

Neurogenic regulation promotes colorectal cancer
progression

Despite the growing interest in the role of neurons in cancer,
the passive role of neurons in perineural invasion (PNI) has
been extensively studied in CRC and other cancer types,
where tumor cells utilize nerve fibers as conduits for migra-
tion to distant sites, contributing to rapid tumor growth and
metastasis. However, knowledge regarding the role of the
enteric nervous system in CRC remains limited.

Cancer cells can induce their own neurogenic regulation,
which is inevitably influenced by external factors. Addition-
ally, it has been established that neuropeptide Y (NPY), pro-
duced by enteric neurons, plays a role in regulating intestinal
inflammation, and cancer cells can signal to neuronal cells
[16].

Active communication between cancer cells and neuronal
cells has been described in various cancer types, and experi-
mental manipulation of neuronal signaling has shown that
neurons can influence carcinogenesis. In cancer animal mod-
els, enhancing sympathetic nervous system activation has
been shown to promote tumor growth and cancer progres-
sion [17], while reducing parasympathetic nervous system
activity in the stomach inhibits tumor formation. In cancer-
prone mouse models (ApcMin/+ model), vagus nerve abla-
tion reduced tumor size, indicating that exogenous neuro-
genic regulation from the vagus nerve can promote cancer
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Fig. 1 Specific crosstalk between cancer and neuronal cells. Adrener-
gic signaling in tumor cells induces the release of nerve growth fac-
tor (NGF) and brain-derived neurotrophic factor (BDNF), augment-
ing neural density within tumor regions. This heightened innervation
amplifies adrenergic pathway activity, resulting in norepinephrine

development [18]. Conversely, in the same study, surgical
sympathetic denervation at the level of the superior mesen-
teric artery did not suppress tumor growth, suggesting that
the mode of action of specific nerves rather than neuronal
activity itself may influence carcinogenesis.

Neurogenic regulation promotes colorectal cancer
brain metastasis

The concept of the gut-brain axis was proposed as early
as the 1960 s, and with further research on microbiota, it
has been recognized that the gut microbiota plays a cru-
cial regulatory role in the interaction between the brain and
the gastrointestinal tract, leading to the creation of the term
“microbiota-gut-brain axis” [19]. The brain tightly links
gastrointestinal function and brain function through bidi-
rectional neural-endocrine-immune networks via CNS, ENS,
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(NE) accumulation. NE activates p-adrenergic receptors (f-ARs) and
reprograms cancer-associated fibroblasts (CAFs), which subsequently
secrete NE-mimetic cytokines. These cytokines further upregulate
B-AR expression on tumor cells, establishing a self-perpetuating loop
that drives tumor progression

and HPA. The gut can synthesize and release a range of neu-
roactive molecules that can cross the blood-brain barrier and
affect central nervous system function. Similarly, some neu-
roactive molecules can be transmitted from the brain to the
gut through the sympathetic and parasympathetic nervous
systems or humoral pathways. For a long time, the gut-brain
axis has been considered a mediator of stress-related gastro-
intestinal symptoms. However, the interaction between the
brain and gut extends far beyond stress, anxiety, or depres-
sion and should also include diseases that are affected by
the same pathological influences on the brain, gut, and their
connection through the autonomic nervous system.

The brain may regulate gastrointestinal tumors through
two pathways: anatomical neural pathways and neuroendo-
crine pathways. Stimulation and deactivation of the central
nervous system, sympathetic nervous system, and parasym-
pathetic nervous system, or alterations in gastrointestinal
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neurogenic regulation, may lead to a high incidence of colon
cancer. When the gut-brain axis is activated by tumor cells,
the brain responds to cancer cells through neuroendocrine-
immune and behavioral reactions, including neuropeptide
metabolism, regional brain stimulation, and behavioral
changes [20, 21]. Furthermore, neurotransmitters and neu-
rotrophic factors can have stimulatory or inhibitory effects
during the progression of colorectal cancer [22].

Neurotransmitters in tumor growth

During the process of tumor growth, cancer cells and the
surrounding nervous system are able to release a large num-
ber of neurotransmitters into the tumor microenvironment.
These neurotransmitters can excite relevant receptors and
influence multiple cell signaling pathways, playing a crucial
role in the proliferation and progression of cancer. There is
increasing evidence supporting the role of neurotransmitters
in the development of colorectal cancer.

Dopamine (DA)

DA is a type of monoamine neurotransmitter that primar-
ily exerts its functions through dopamine receptors (DR)
present in various organs and cells throughout the body.
These DR can be divided into two groups: D1-type receptors
(including D1 and D5) and D2-type receptors (including D2,
D3, D4) [23, 24]. Previous studies have found that dopamine
can regulate the differentiation of CD8 + cells into CD103
+ tissue-resident memory CD8 + T cells, thereby modulat-
ing the induction of anti-colorectal cancer immunity by
tissue-resident memory CD8 + T cells [25]. Research has
reported that activation of dopamine receptors D1 (DRD1)
and D5 (DRDS5) can inhibit growth by suppressing the Akt/
mTOR signaling pathway [26]. An animal experiment has
shown that DA can inhibit VEGF-mediated angiogenesis and
enhance the efficacy of anticancer drugs such as 5-fluoroura-
cil, playing an important role in inhibiting colorectal cancer
cell proliferation and promoting apoptosis [27]. DARPP-
32, as a protein involved in regulating the dopamine and
cAMP signaling pathways in the brain, its overexpression
can promote colorectal cancer cell proliferation, migration,
invasion, and reduce apoptosis [28]. In addition, activation
of DRD1 and DRDS inhibits the growth of various tumors,
including but not limited to colorectal cancer, by inhibiting
the Akt/mTOR signaling transduction [26].

In conclusion, neurotransmitters, particularly dopamine,
play a significant role in the development and progression
of colorectal cancer. Understanding the intricate interplay
between neurotransmitters and cancer biology may provide
valuable insights for developing novel therapeutic strategies
targeting the neuro-cancer interaction.

Acetylcholine (Ach)

Ach is an important neurotransmitter that plays a variety
of biological functions in the central and peripheral nerv-
ous systems. In addition to its role in neurotransmission,
Ach also plays a significant role in other tissues and organs,
including the intestines. Acetylcholine receptors are mainly
divided into muscarinic Ach receptors and nicotinic Ach
receptors. Activation of nicotinic Ach receptors can pro-
mote proliferation and reduce apoptosis of colorectal cancer
(CRC) cells [29]. The a7 subtype of nicotinic Ach receptor
(«7nAChR), as a major subtype, exhibits dual roles in CRC
progression depending on tumor stage. While early studies
suggested its overexpression in CRC cells promotes prolif-
eration and migration through nicotine-mediated signaling
[30], recent evidence indicates that *7nAChR may paradoxi-
cally inhibit metastasis in advanced CRC by suppressing
epithelial-mesenchymal transition (EMT) pathways [30].
Nicotine and tobacco-specific carcinogens enhance the pro-
liferation and migration of CRC cells through the mecha-
nism of o7 subtype of nicotinic Ach receptor signaling [31].

The muscarinic receptor family is a class I G protein-
coupled receptor, consisting of five muscarinic receptors
(MR) subtypes, known as M1R-M5R [32]. These subtypes
are expressed in various organs and tissues, playing different
or overlapping functions, including smooth muscle contrac-
tion and regulation of ion channels. The distribution pat-
tern of MR subtypes varies in different organs. In intestinal
epithelium, M1R and M3R are mainly expressed. Numer-
ous experimental data demonstrate that blocking M3R can
effectively attenuate tumor growth in colorectal cancer [33].
Currently, only two endogenous ligands for M3R are known:
acetylcholine (ACh) and specific bile acids and their deriva-
tives. In the past, acetylcholine was considered a neurotrans-
mitter secreted by neurons, but recent studies have shown
that ACh can also be produced and secreted by normal non-
neuronal cells and tumor non-neuronal cells, and this non-
neuronal ACh can also exert corresponding physiological
functions.

In some cancers such as CRC, cancer cells can also pro-
duce ACh, and non-neuronal ACh may even be the main
source of ACh, serving as an autocrine growth factor for
CRC [34]. In the process of M3R-mediated intestinal tumor
formation and CRC progression, the transactivation of
epidermal growth factor receptor (EGFR) is a key mech-
anism [35]. After binding with ACh, M3R excites down-
stream protein kinase C-a (PKC-a), which then activates
Src and p38-a (a member of the mitogen-activated protein
kinase family). Steroid receptor coactivator (Src) binds to
EGFR through the mitogen-activated protein kinase kinase
(MEK) and extracellular regulated protein kinases 1/2
(ERK1/2) pathway to stimulate signal transduction. p38-a
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and ERK1/2 coordinately induce matrix metalloproteinase
1 (MMP1) gene transcription and enhance MMP1 protein
expression [36]. The generated MMP1 can degrade the
extracellular matrix, promoting tumor invasion and metasta-
sis. The enhanced release of MMP1 in the colorectal cancer
cell microenvironment may catalyze the release of EGFR
ligands and further enhance EGFR activation [36], inducing
the transcriptional activation of many genes related to CRC
(cyclooxygenase- 2, cyclin D1, etc.). These findings suggest
that a combination therapy targeting EGFR activity along-
side inhibitors of M3R, PKC-a, or p38-a signaling pathways
may hold significant therapeutic potential in preventing or
delaying colon cancer metastasis and inhibiting cancer cell
dissemination. Future research should prioritize investigat-
ing the efficacy of such combinatorial approaches, specifi-
cally evaluating the synergistic effects of EGFR inhibitors
in conjunction with M3R, PKC-a, or p38-a inhibitors in the
context of colon cancer progression. There is also evidence
that the binding of M3R with ACh can directly activate
matrix metalloproteinase MMP7, catalyzing the release of
HBEGTF, a ligand for EGFR [37]. The binding of HBEGF
to EGFR activates downstream ERK signaling, inducing
the transcriptional activation of many genes related to CRC
progression, as well as inducing the transcription of MMP1,
MMP7, and MMP10 genes [37]. This forms a positive feed-
back mechanism.

In addition to ACh, bile acids and their derivatives are
also important ligands for M3R. The proliferation of colo-
rectal cancer cells induced by bile acids operates through the
same mechanism as that induced by ACh. This confirms the
association between elevated fecal bile acids and the occur-
rence of CRC, explaining how excessive consumption of
fatty and greasy foods does indeed increase the risk of CRC
and providing effective strategies for CRC prevention and
treatment. Furthermore, muscarinic receptor 1 (M1R) has
been found to be downregulated in colorectal cancer [38],
suggesting a protective role of M1R in colorectal cancer.

y-Aminobutyric acid (GABA)

GABA plays a major role in exerting neuronal inhibitory
effects in the central nervous system and has diverse func-
tions in the enteric nervous system and enteroendocrine
cells of the gastrointestinal tract. GABA can influence the
proliferation, migration, and invasion capabilities of colo-
rectal cancer (CRC) cells by acting on GABA receptors in
intestinal tissues, including GABA-A and GABA-B recep-
tors, particularly the GABA-B receptor. Research by Huang
et al. revealed higher expression of GABA in colorectal can-
cer compared to normal colonic tissue [39]. Furthermore,
it was found that GABA binding to the GABA-B receptor
leads to enhanced p-catenin signaling, thereby promoting
CRC cell proliferation and inhibiting infiltration of CD8 +T
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lymphocytes, resulting in immune suppression [39]. Stud-
ies have reported that GABA can reduce proliferation and
increase apoptosis of 5-fluorouracil-resistant HT29 colorec-
tal cancer cells, while having no significant effect on paren-
tal HT29 colorectal cancer cells [39]. Notably, the immune-
modulatory effects of GABA are increasingly recognized.
Animal studies show GABA-A receptor blockade enhances
CD8 +T cell infiltration and synergizes with anti-PD1 ther-
apy, suggesting combinatorial immunotherapy potential
[40]. However, a study indicated that GABA activation of
GABA-B receptors can inhibit the migration of colon cancer
cells in vitro [41].

Adrenaline/noradrenaline

Recently, catecholamines have been found to be involved
in the regulation of cancer occurrence and progression in
various cancer types such as breast cancer, lung cancer, and
pancreatic cancer [42]. Adrenaline and noradrenaline play
crucial roles in regulating physiological and pathological
processes in the human body. It has been reported that adren-
aline signaling is upregulated in colorectal cancer, exerting
effects on the proliferation, migration, and invasion capa-
bilities of colorectal cancer cells by acting on adrenergic
receptors, particularly the f2-adrenergic receptor [43, 44].
Adrenaline can suppress CD8 + T lymphocyte proliferation
and interferon-y production by increasing cyclooxygenase- 2
and interleukin- 10 expression in macrophages, thereby pro-
moting immune evasion in colon cancer [45]. Furthermore,
evidence suggests that noradrenaline activates the CREB1/
miRNA- 373 axis by inducing phosphorylation of cAMP
response element-binding protein 1 (CREB1), promoting
proliferation and metastasis of colon cancer cells [44]. The
neurotransmitter adrenaline promotes proliferation of human
colon cancer cell line HT- 29 by inducing the expression of
cyclooxygenase- 2, VEGF, prostaglandin E2, and MMP- 9
[46]. Pu et al. found that adrenaline can promote prolifera-
tion and increase chemoresistance of colon cancer HT29
cells by inducing miR- 155 [42]. The p2-adrenergic recep-
tor (ADRB2) emerges as a key mediator of catecholamine
effects in CRC. A phase II clinical trial (NCT03117946)
investigating propranolol (ADRB2 antagonist) combined
with chemotherapy showed a 30% improvement in progres-
sion-free survival, validating preclinical findings [44].

5-Hydroxytryptamine (5-HT)

5-HT, also known as serotonin, is a monoamine inhibitory
neurotransmitter with high levels in the cerebral cortex
and synaptic nerve terminals, produced from the essential
amino acid tryptophan metabolism. In the gastrointestinal
tract, 5-HT is synthesized by two types of cells: enterochro-
maffin cells in the mucosa and enteric 5-hydroxytryptamine
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neurons distributed in the intestinal wall. 5-HT exerts its
biological functions by binding to its corresponding recep-
tors [47].

Recent studies have found that 5-HT is overexpressed in
colorectal cancer tissues and can promote the self-renewal
of colorectal cancer stem cells and tumor formation [47,
48]. The high expression of 5-HT is significantly associated
with lymph node metastasis in advanced colorectal cancer
[49]. Research by Li et al. has demonstrated increased bio-
synthesis and secretion of 5-HT in colorectal cancer cells,
and excessive production of 5-HT in macrophages has been
shown to activate the NLRP3 inflammasome. Meanwhile,
the NLRP3 inflammasome-mediated release of IL- 1§ leads
to increased biosynthesis of 5-HT in colorectal cancer cells,
forming a positive feedback loop between 5-HT and NLRP3
signaling in the colorectal cancer microenvironment, thereby
promoting the development of colorectal cancer [49].

Colorectal cancer stem cells (CSCs) are a subset of cells
within colorectal cancer that can self-renew and differenti-
ate, closely associated with the occurrence, metastasis, inva-
sion, drug resistance, and recurrence of colorectal cancer
[50]. 5-HT directly binds to CSC receptors such as 5-HT
receptors 1B, 5-HT receptors 1D, and 5-HT receptors 1 F in
a non-Ach dependent manner, activating the Wnt/p-catenin
signaling pathway, promoting CSC self-renewal, and tumor
formation [47]. Furthermore, the serotonin transporter
(SERT) plays a crucial role in the development of colorec-
tal cancer. SERT transports 5-HT into colorectal cancer
cells, activating the RhoA/ROCK/YAP signal, enhancing
Yes-associated protein (YAP) expression, and promoting the
growth of colon cancer cells [51].

In individuals with a family history of colorectal cancer,
the use of selective serotonin reuptake inhibitors (SSRIs),
such as antidepressants, can significantly reduce the risk
of developing colorectal cancer. The association with late-
stage colorectal cancer is more significant than early-stage
colorectal cancer, and the association with rectal cancer
is stronger than colon cancer [52]. Therefore, SSRIs may
become one of the effective treatment methods for colorectal
cancer.

5-HT also mediates the immune system to promote tumor
growth. Studies have shown that elevated levels of 5-HT
activate lymphocytes to release a large number of cytokines,
creating a pro-inflammatory microenvironment that pro-
motes the development of colorectal cancer [53]. Con-
versely, another study in TPH1 gene knockout mice showed
that a decrease in 5-HT levels led to increased colon DNA
damage, suggesting that 5-HT plays a key role in protecting
the intestinal tract and preventing tumor development by
promoting DNA repair in early colorectal tumors [54].

In conclusion, 5-HT is a highly promising molecular ther-
apeutic target. After fully understanding its specific func-
tions, selective targeting of 5-HT receptors and selective

serotonin reuptake inhibitors may become effective treat-
ments for CRC.

Blood vasoactive intestinal peptide (VIP)

VIP is a neuropeptide with vasodilatory activity. It has two
receptors, VPAC1 and VPAC2, which are II-type G protein-
coupled receptors belonging to the secretin receptor fam-
ily. VPACI is typically expressed in the epithelial cells of
the gastrointestinal tract, while VPAC2 is expressed in the
smooth muscle of the gastrointestinal tract [S5]. Multiple
studies have reported elevated serum VIP levels in colorectal
cancer (CRC) patients, which can promote the proliferation
and spread of CRC cancer cells [56]. VIP may become a
molecular target in the treatment of CRC.

Research indicates that VPACI is often overexpressed in
colon cancer cells and is associated with the degree of tumor
differentiation: 35% in well-differentiated colon cancer, 65%
in moderately differentiated colon cancer, and 87% in poorly
differentiated colon cancer [55]. The level of VPACI1 can
be measured to predict the degree of tumor differentiation.

Previously, VIP was thought to promote CRC and tumor
cell proliferation by inducing the cAMP-Rap1/Ras-B-Raf-
ERK pathway [57]. However, recent studies have found that
VIP can also transactivate EGFR. VIP can bind with pros-
taglandin E2 (PGE2) to rapidly activate PKA, leading to
phosphorylation of naked cuticle homolog 2 (NKD?2) at the
Ser- 223 site [58]. This phosphorylation stabilizes NKD2,
promoting the delivery of transforming growth factor-o
(TGFa) to the cell surface, resulting in increased EGFR
activation and the transcriptional activation of many genes
associated with colorectal tumor progression [58]. Cao et al.
introduced the GPCR ligand VIP to Caco- 2 cells to inves-
tigate its role in GPCR-mediated EGFR transactivation.
Notably, parental Caco- 2 cells did not express TGFa. In
the absence of TGFa induction, the addition of VIP had no
significant effect on EGFR activity. However, in the TGFa-
induced state, EGFR activity exhibited a sharp increase
within 1 min following VIP administration. These findings
suggest that GPCR-mediated transactivation of EGFR is pri-
marily driven by enhanced cell surface delivery of TGFa.
Consequently, both the delivery and proteolytic processing
of EGFR ligands may be regulated by GPCR agonists to
potentiate EGFR signaling [58]. Further studies are war-
ranted to explore whether other GPCR ligands exhibit simi-
lar mechanisms of action and to elucidate their potential
preferences in modulating EGFR activity. Further research
is needed to determine if this EGFR transactivation mode is
stably expressed in CRC cancer cells.

VPACI can serve as a target for anticancer drugs, as
VPACI antagonists inhibit the growth of colon cancer cell
lines in vitro [55]. KS- 133, a specific antagonist of VIPR2,
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has great therapeutic potential and can promote cancer
immune activation and induce anti-tumor effects, whether
used alone or in combination with immune checkpoint
inhibitors [59].

Neurotrophic factors

Neurotrophic factors are a class of protein molecules that
promote the growth, differentiation, and survival of nerve
cells, including nerve growth factor (NGF) and brain-derived
neurotrophic factor (BDNF) [60]. Recent studies have shown
that neurotrophic factors not only play important roles in
the nervous system but also regulate cancer development.
It has been reported that NGF plays a role in the metasta-
sis of colorectal cancer by promoting the phosphorylation
of tropomyosin-related kinase A (TrkA) and activating the
MAPK/ERK signaling pathway. Additionally, NGF expres-
sion in colorectal cancer tissue is associated with tropomy-
osin-related kinase A, MMP2, and MMP9 proteins [61].
BDNF has been found to be increased in colorectal cancer
tissue and is associated with tumor growth, metastasis, and
resistance to apoptosis [62, 63]. BDNF binds to the tropomy-
osin-related kinase B (TrkB) receptor, activating a signaling
pathway similar to NGF, which promotes the growth and
invasion of colorectal cancer cells [62]. Furthermore, BDNF
and TrkB are overexpressed in colorectal cancer compared
to non-colorectal cancer tissue, especially in advanced colo-
rectal cancer. BDNF/TrkB signaling shows stage-specific
prognostic value. A study revealed high TrkB expression
correlates with poor differentiation and liver metastasis, but
not with early-stage survival [64] (Table 1).

The role of neural innervation in the tumor
microenvironment (TME)

Increased sympathetic nerve innervation in solid tumors is
driven by the secretion of neurotrophic factors from malig-
nant cells, which activate the B-adrenergic receptor (-AR)
signaling pathway. This has been extensively confirmed by
in vivo studies and mouse models. For instance, Tan et al.
demonstrated that pancreatic cancer and cholangiocarcinoma
exhibit significant nerve fiber infiltration, with upregulation
of neurotrophic factors such as NGF and BDNF, leading to
enhanced tumor progression and metastasis [65]. In con-
trast to the tumor-promoting effects of sympathetic signal-
ing, parasympathetic nervous signals have been shown to
exert inhibitory effects on tumor growth, although their role
remains less explored [66].

The role of sympathetic nerve innervation extends
beyond tumors to primary and secondary lymphoid organs,
such as the spleen and lymph nodes, where it modulates
inflammatory responses by regulating immune cell activity

@ Springer

through neurotransmitter-receptor interactions. Wang et al.
highlighted that norepinephrine released from sympathetic
nerves binds to f2-AR on immune cells, suppressing anti-
tumor immunity and promoting an immunosuppressive
tumor microenvironment (TME) [67]. This direct regula-
tion of the immune system by the autonomic nervous system
suggests that targeting neuron-immune cell communication
could be a promising therapeutic strategy to reprogram the
TME.

In the TME, Schwann cells undergo adaptive reprogram-
ming in response to nerve damage caused by tumors, acquir-
ing repair phenotypes similar to those observed during nerve
regeneration. This process is closely linked to increased
nerve innervation in cancer. For example, Ceyhan et al.
reported that pancreatic cancer induces “neural remodeling,”
characterized by altered innervation patterns and increased
Schwann cell activity, which contributes to tumor progres-
sion and pain [68].Additionally, studies on the sympathetic
nervous system’s role in mucosal immunity have shown that
loss of sympathetic input leads to a pro-inflammatory state,
compromising epithelial barrier function while enhancing
antimicrobial defenses.

Interplay between the nervous and immune
systems

The central nervous system controls numerous non-neuronal
cells and physiological functions of the body, either through
hormone secretion into the bloodstream or via the periph-
eral nervous system in a more region-specific manner. The
peripheral nervous system connects the central nervous
system to all organs, including lymphocytes, through the
sympathetic nervous system (adrenergic), parasympathetic
nervous system (cholinergic), motor, and/or sensory nerve
fibers [69].

The sympathetic nerves run along the vascular system
and separate from it upon entering lymphoid organs. They
terminate upon close contact with T lymphocytes and
plasma cells, forming so-called “neuroeffector junctions”
[70]. The nerve fibers that innervate lymphoid organs can
secrete various neurotransmitters and neuropeptides, includ-
ing vasoactive intestinal peptide, neuropeptide Y, substance
P, enkephalin, and neurotensin [71]. Corresponding neuro-
transmitter receptors are also expressed on immune cells.

The immune cells respond to neurotransmitters and neu-
roregulatory agents, and conversely, nerve cells can also
respond to signaling molecules from the immune system.
For a long time, the predominant consideration was the long-
term interaction between the immune system and the brain
through hormone-like factors. However, current research is
increasingly focusing on short-term interactions based on
immune factors produced by local nervous systems.
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Immune cells can activate toll-like receptors (TLRs)
through pathogen-associated molecular patterns (PAMPs)
and danger-associated molecular patterns (DAMPs) released
by host-damaged cells, triggering a cascade of signaling
events that ultimately lead to the synthesis and release of
pro-inflammatory cytokines [72]. Toll-like receptors, includ-
ing TLR3, TLR4, TLR7, and TLRY, have been found to be
expressed in sensory neurons, allowing them to sense danger
signals and pathogens and to function in the control of pain
and itch [73].

Furthermore, cytokines can be detected by afferent fibers
of the autonomic nervous system and relayed to the brain,
forming a communication “neural” pathway [74]. Peripheral
immune signals can also be transmitted through a “humoral”
pathway, where cytokines directly reach the brain paren-
chyma and modulate central brain function. This commu-
nication mechanism is more likely to occur under inflam-
matory conditions where the blood—brain barrier becomes
highly permeable, as cytokines can be more readily trans-
ported to the brain [75] (Fig. 2).

Undoubtedly, the neuroimmune crosstalk plays a role
in various parts of the body, so it is unsurprising that it is

immune microenvironment via serotonin-
driven immunomodulation, facilitating

TIAM2S induces a pro-inflammatory
colorectal tumorigenesis

Key findings

TIAM2S-overexpressing mouse models

2 increasingly recognized as an important regulatory factor for
5 L . . . .
< digestive function and gastrointestinal homeostasis. How-
< s . .
§ ever, there is limited understanding of the mechanisms of
. neuroimmune interaction in the context of gastrointestinal

2 -_E 3 “é’ cancers, necessitating further research.

= 2 O &)

EREROR =

2 E N

Fx=2a

SEE2 Current status of targeted neurotherapy

2328 in colorectal cancer

ERRR

ESZg

£ g E 5 In recent years, research on therapeutic strategies has
B2 E z g focused on metastatic colorectal cancer (CRC). For decades,
£l5&83 8 . . .
S18525 systemic chemotherapy, including drugs such as 5-fluoro-
Sl E+ 7 uracil and oxaliplatin, has been the primary intervention to
|2 2R 5 prolong patient survival, yet the 5-year survival rate remains
z2l<zoa . : :
~ |E low. Targeted therapies are designed to specifically act on

proteins involved in the proliferation, growth, and metas-
tasis of cancer cells. Their efficacy, however, is predicated
on the presence of relevant protein or gene mutations. The
Whnt signaling pathway is involved in the regulation of the
central nervous system and is widely believed to be asso-
ciated with the pathogenesis of CRC primarily due to the
aberrant activation of Wnt/B-catenin signaling [76]. Studies
have shown that knocking down RHBDD1 can attenuate the
activity of the Wnt signaling pathway and the protein levels
of B-catenin, thereby inhibiting CRC metastasis. Although
the upstream regulatory mechanisms of RHBDD1 in the
Wnt pathway remain incompletely elucidated, its role as a
transmembrane protein warrants attention as a therapeutic
target, potentially serving as a novel strategy to suppress
CRC metastasis [77]. In the EGFR pathway, cetuximab

5-Hydroxytryptamine (5-HT)

This table synthesizes evidence from 27 studies on the role of neurotransmitters in colorectal cancer (CRC), emphasizing their dual impact on tumor-intrinsic pathways (e.g., proliferation,
metastasis) and immune microenvironment reprogramming (e.g., immunosuppression, immune evasion). It serves as a concise overview of key mechanisms and potential therapeutic targets to

guide research and clinical strategies in CRC treatment

Ref. no Neurotransmitters studied

Table 1 (continued)
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Fig.2 The interaction between the nervous system and the immune
system. Immune cells are activated via toll-like receptors (TLRs)
localized on sensory neurons cells that recognize pathogen-associated
molecular patterns (PAMPs) and damage-associated molecular pat-
terns (DAMPs) released from host-damaged cells, thereby triggering
a signaling cascade that culminates in the release of pro-inflammatory

combined with chemotherapy has been targeted for treating
patients with metastatic CRC [78]. However, studies indi-
cate that RAS mutations may lead to the erroneous activa-
tion of RAS/RAF/MAPK signaling, affecting the efficacy
of EGFR inhibitors [79]. Concurrently, different targeted
therapies should be devised for various molecular subtypes
and primary tumor laterality, such as anti-EGFR therapy
combined with doublet chemotherapy as a first-line treat-
ment for untreated RAS wild-type mCRC [80]. Therefore,
molecular analysis of tumors is essential in treating met-
astatic CRC to improve overall survival rates. Given that
systemic chemotherapy has been the conventional first-line
treatment for CRC for decades—bearing systemic toxicity
and low specificity for individual patient selection—and due
to intrinsic changes in tumors, including induced genetic
mutations in target pathways and aberrant activation of
compensatory signaling pathways, resistance to targeted
therapies has emerged. Patients with metastatic CRC often
receive cetuximab treatment; research has found that TrkB
blockade can enhance the inhibitory effect of cetuximab on
CRC cell proliferation and survival [80], indicating that the
TrkB/BDNF pathway could serve as a potential therapeu-
tic target. At the same time, preliminary progress has been
made in strategies to reverse anti-EGFR therapy resistance,
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cytokines (PICs). These cytokines subsequently exert influence on
the central nervous system (CNS) through both humoral circulation
and neural circuitry. Simultaneously, neurotransmitters including sub-
stance P (SP), f-endorphin (B-EP), norepinephrine (NE), and neuro-
peptide Y (NPY) may participate in signal transduction processes and
demonstrate modulatory roles in inflammatory responses

including the development of new EGFR-targeted inhibitors,
combination multi-target inhibitors, and metabolic modula-
tors [81]. Currently, for targeted treatment of CRC, we still
require more molecular biomarkers and therapeutic targets to
combat various mutations and drug resistance in CRC cells.
Furthermore, targeted drug combinations based on molecu-
lar analysis are needed to improve patient outcomes in CRC.

Conclusions and future perspectives

This comprehensive review elucidates the intricate neuro-
oncological pathways driving colorectal cancer progression.
It delineates how neural components—including neurotrans-
mitters, neurotrophic factors, and intracellular signaling
cascades—modulate cancer hallmarks including sustained
proliferation, invasion, stemness, and treatment resistance.
For instance, the neurotransmitter serotonin promotes tumor
growth and metastasis via paracrine and autocrine stimula-
tion, while neurotrophic mediators like NGF and BDNF acti-
vate oncogenic signaling via tropomyosin receptor kinase
receptors. Downstream pathways, like Wnt/B-catenin sign-
aling, further link neural activity with cancer aggression.
These mechanistic insights illuminate promising therapeutic
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directions; strategies targeting rate-limiting serotonin syn-
thesis, key serotonin receptors, neurotrophic cascades, and
neural-cancer signaling may suppress tumorigenesis. As
research continues unraveling this intricate signaling net-
work, opportunities will emerge to develop specialized
therapies selectively targeting the neural underpinnings of
cancer.

Future efforts should concentrate on translating these
biological insights into novel clinical interventions that
improve patient outcomes. By comprehensively mapping—
and ultimately therapeutically leveraging—neural mecha-
nisms governing treatment response, more precise and less
toxic therapeutic regimens may be attainable. Elucidating
the neuro-oncological interface in colorectal cancer thus
holds tremendous potential for catalyzing breakthrough
precision oncology and meaningfully improving patient sur-
vival. Further exploration of this intricate signaling nexus
between neural mediators and cancer pathogenesis promises
to inform pioneering therapeutic modalities that selectively
disrupt non-malignant support mechanisms upon which
tumors rely. This continued elucidation of neuro-colorectal
cancer crosstalk is imperative for developing specialized
therapies that selectively target the neural underpinnings of
cancer aggression.

Author contribution ZZ and CP: conceptualization. ZZ, SC, TL,
YT, XY, EL, HY, QL and CY: writing — original draft preparation.
JC: graphics design. CP and TP: writing — review and editing. Every
author has reviewed and consented to the manuscript’s final version
for publication.

Funding Support for this review came from the Medical Scientific
Research Foundation of Guangdong Province (No. A2024680),
China International Medical Foundation (CIMF) Medical Clini-
cal and Achievement Translation Fund—Scientific Research on
Gynaecological and Obstetrical Diseases (No.Z- 2014-08 -2309-3),
Qingyuan Science and Technology Project (2024KJJ004), Research
Capability Enhancement Program of Guangzhou Medical University
(GMUCR2024- 02003) and the Guangzhou Medical University Student
Innovation Ability Enhancement Project (02-408 -240603131128).

Data availability No datasets were generated or analysed during the
current study.

Declarations

Ethics approval and consent to participate Not applicable.

Consent for publication Not applicable.

Competing interests The authors declare no competing interests.
Open Access This article is licensed under a Creative Commons
Attribution-NonCommercial-NoDerivatives 4.0 International License,
which permits any non-commercial use, sharing, distribution and repro-
duction in any medium or format, as long as you give appropriate credit

to the original author(s) and the source, provide a link to the Creative
Commons licence, and indicate if you modified the licensed material.

@ Springer

You do not have permission under this licence to share adapted material
derived from this article or parts of it. The images or other third party
material in this article are included in the article’s Creative Commons
licence, unless indicated otherwise in a credit line to the material. If
material is not included in the article’s Creative Commons licence and
your intended use is not permitted by statutory regulation or exceeds
the permitted use, you will need to obtain permission directly from the
copyright holder. To view a copy of this licence, visit http://creativeco
mmons.org/licenses/by-nc-nd/4.0/.

References

1. Sung H, Ferlay J, Siegel RL, et al (2021) Global Cancer Sta-
tistics 2020: GLOBOCAN estimates of incidence and mortality
worldwide for 36 cancers in 185 countries [J]. CA Cancer J Clin
71(3):209-49

2. Araghi M, Soerjomataram I, Bardot A et al (2019) Changes in
colorectal cancer incidence in seven high-income countries:
a population-based study [J]. Lancet Gastroenterol Hepatol
4(7):511-518

3. Browning KN, Travagli RA (2014) Central nervous system con-
trol of gastrointestinal motility and secretion and modulation of
gastrointestinal functions [J]. Compr Physiol 4(4):1339-1368

4. Wedel T, Roblick U, Gleiss J et al (1999) Organization of the
enteric nervous system in the human colon demonstrated by
wholemount immunohistochemistry with special reference to
the submucous plexus [J]. Ann Anat = Anatomischer Anzeiger
: Off Organ Anatomische Gesellschaft 181(4):327-37.

5. Furness JB (2012) The enteric nervous system and neurogastro-
enterology [J]. Nat Rev Gastroenterol Hepatol 9(5):286-294

6. Margolis KG, Cryan JF, Mayer EA (2021) The microbiota-
gut-brain axis: from motility to mood [J]. Gastroenterology
160(5):1486-1501

7. Zhou H, Shi B, Jia Y et al (2018) Expression and significance
of autonomic nerves and a9 nicotinic acetylcholine receptor in
colorectal cancer [J]. Mol Med Rep 17(6):8423-8431

8. Tatsuta M, lishi H, Baba M et al (1992) Inhibition of azoxym-
ethane-induced experimental colon carcinogenesis in Wistar
rats by 6-hydroxydopamine [J]. Int J Cancer 50(2):298-301

9. Sadighparvar S, Darband SG, Ghaderi-Pakdel F et al (2021)
Parasympathetic, but not sympathetic denervation, suppressed
colorectal cancer progression [J]. Eur J Pharmacol 913:174626

10. Amit M, Takahashi H, Dragomir MP et al (2020) Loss of p53
drives neuron reprogramming in head and neck cancer [J].
Nature 578(7795):449-454

11. Madeo M, Colbert PL, Vermeer DW et al (2018) Cancer
exosomes induce tumor innervation [J]. Nat Commun 9(1):4284

12. Szpunar MJ, Burke KA, Dawes RP et al (2013) The antidepres-
sant desipramine and a2-adrenergic receptor activation promote
breast tumor progression in association with altered collagen
structure [J]. Cancer Prev Res (Phila) 6(12):1262—-1272

13. Calvani M, Pelon F, Comito G et al (2015) Norepineph-
rine promotes tumor microenvironment reactivity through
3-adrenoreceptors during melanoma progression [J]. Onco-
target 6(7):4615-4632

14. Joyce JA, Fearon DT (2015) T cell exclusion, immune privilege,
and the tumor microenvironment [J]. Science (New York, NY)
348(6230):74-80

15. Venkataramani V, Tanev DI, Strahle C et al (2019) Glutamater-
gic synaptic input to glioma cells drives brain tumour progres-
sion [J]. Nature 573(7775):532-538

16. Furness JB, Costa M, Emson PC et al (1983) Distribution,
pathways and reactions to drug treatment of nerves with


http://creativecommons.org/licenses/by-nc-nd/4.0/
http://creativecommons.org/licenses/by-nc-nd/4.0/

International Journal of Colorectal Disease

(2025) 40:120

Page150f16 120

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

217.

28.

29.

30.

31.

32.

33.

34.

35.

neuropeptide Y- and pancreatic polypeptide-like immunore-
activity in the guinea-pig digestive tract [J]. Cell Tissue Res
234(1):71-92

Kamiya A, Hayama Y, Kato S et al (2019) Genetic manipulation
of autonomic nerve fiber innervation and activity and its effect
on breast cancer progression [J]. Nat Neurosci 22(8):1289-1305
Liu V, Dietrich A, Kasparek MS et al (2015) Extrinsic intestinal
denervation modulates tumor development in the small intestine
of Apc(Min/+) mice [J]. J Exp Clin Cancer Res : CR 34(1):39
Zouggar A, Haebe JR, Benoit YD (2020) Intestinal microbiota
influences DNA methylome and susceptibility to colorectal can-
cer [J]. Genes (Basel) 11(7):808

Cryan JF, O’Riordan KJ, Cowan CSM et al (2019) The micro-
biota-gut-brain axis [J]. Physiol Rev 99(4):1877-2013

Matson V, Chervin CS, Gajewski TF (2021) Cancer and the
microbiome-influence of the commensal microbiota on cancer,
immune responses, and immunotherapy [J]. Gastroenterology
160(2):600-613

Mogilevski T (2021) The bi-directional role of the gut-brain axis
in inflammatory and other gastrointestinal diseases [J]. Curr
Opin Gastroenterol 37(6):572-577

Beaulieu JM, Espinoza S, Gainetdinov RR (2015) Dopamine
receptors - [UPHAR Review 13 [J]. BrJ Pharmacol 172(1):1-23
Grant CE, Flis AL, Ryan BM (2022) Understanding the role of
dopamine in cancer: past, present and future [J]. Carcinogenesis
43(6):517-527

Chen Y, Yan SM, Pu Z et al (2022) Dopamine signaling pro-
motes tissue-resident memory differentiation of CD8+ T cells
and antitumor immunity [J]. Can Res 82(17):3130-3142

Leng ZG, Lin SJ, Wu ZR et al (2017) Activation of DRDS (dopa-
mine receptor D5) inhibits tumor growth by autophagic cell death
[J]. Autophagy 13(8):1404-1419

Sarkar C, Chakroborty D, Chowdhury UR et al (2008) Dopa-
mine increases the efficacy of anticancer drugs in breast and colon
cancer preclinical models [J]. Clin Cancer Res : Off ] Am Assoc
Cancer Res 14(8):2502-2510

He K, Xie CZ, Li Y et al (2023) Dopamine and cyclic adenosine
monophosphate-regulated phosphoprotein with an apparent Mr of
32000 promotes colorectal cancer growth [J]. World J Gastrointest
Oncol 15(11):1936-1950

Wong HP, Yu L, Lam EK et al (2007) Nicotine promotes cell
proliferation via alpha7-nicotinic acetylcholine receptor and cat-
echolamine-synthesizing enzymes-mediated pathway in human
colon adenocarcinoma HT-29 cells [J]. Toxicol Appl Pharmacol
221(3):261-267

Hajiasgharzadeh K, Somi MH, Sadigh-Eteghad S et al (2020) The
dual role of alpha7 nicotinic acetylcholine receptor in inflamma-
tion-associated gastrointestinal cancers [J]. Heliyon 6(3):e03611
Wei PL, Kuo LJ, Huang MT et al (2011) Nicotine enhances colon
cancer cell migration by induction of fibronectin [J]. Ann Surg
Oncol 18(6):1782-1790

Wess J (2004) Muscarinic acetylcholine receptor knockout mice:
novel phenotypes and clinical implications [J]. Annu Rev Phar-
macol Toxicol 44:423-450

Kuol N, Davidson M, Karakkat J et al (2022) Blocking muscarinic
receptor 3 attenuates tumor growth and decreases immunosup-
pressive and cholinergic markers in an orthotopic mouse model
of colorectal cancer [J]. Int J Mol Sci 24(1):596

Cheng K, Samimi R, Xie G et al (2008) Acetylcholine release
by human colon cancer cells mediates autocrine stimulation of
cell proliferation [J]. Am J Physiol Gastrointest Liver Physiol
295(3):G591-G597

Cheng K, Zimniak P, Raufman JP (2003) Transactivation of the
epidermal growth factor receptor mediates cholinergic agonist-
induced proliferation of H508 human colon cancer cells [J]. Can
Res 63(20):6744-6750

36.

37.

38.

39.

40.

41.

42.

43.

44,

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

Said AH, Hu S, Abutaleb A et al (2017) Interacting post-mus-
carinic receptor signaling pathways potentiate matrix metallopro-
teinase-1 expression and invasion of human colon cancer cells [J].
Biochem J 474(5):647-665

Xie G, Cheng K, Shant J et al (2009) Acetylcholine-induced acti-
vation of M3 muscarinic receptors stimulates robust matrix metal-
loproteinase gene expression in human colon cancer cells [J]. Am
J Physiol Gastrointest Liver Physiol 296(4):G755-G763
Alizadeh M, Schledwitz A, Cheng K et al (2022) Mechanistic
clues provided by concurrent changes in the expression of genes
encoding the M(1) muscarinic receptor, §-catenin signaling pro-
teins, and downstream targets in adenocarcinomas of the colon
[J]. Front Physiol 13:857563

Huang D, Wang Y, Thompson JW et al (2022) Cancer-cell-derived
GABA promotes fB-catenin-mediated tumour growth and immu-
nosuppression [J]. Nat Cell Biol 24(2):230-241

Zhang B, Vogelzang A, Miyajima M et al (2021) B cell-derived
GABA elicits IL-10(4) macrophages to limit anti-tumour immu-
nity [J]. Nature 599(7885):471-476

Thaker PH, Yokoi K, Jennings NB et al (2005) Inhibition of exper-
imental colon cancer metastasis by the GABA-receptor agonist
nembutal [J]. Cancer Biol Ther 4(7):753-758

PulJ, Bai D, Yang X et al (2012) Adrenaline promotes cell prolif-
eration and increases chemoresistance in colon cancer HT29 cells
through induction of miR-155 [J]. Biochem Biophys Res Commun
428(2):210-215

Ciurea RN, Rogoveanu I, Pirici D et al (2017) B2 adrenergic receptors
and morphological changes of the enteric nervous system in colorec-
tal adenocarcinoma [J]. World J Gastroenterol 23(7):1250-1261
Han J, Jiang Q, Ma R et al (2020) Norepinephrine-CREB1-
miR-373 axis promotes progression of colon cancer [J]. Mol
Oncol 14(5):1059-1073

Muthuswamy R, Okada NJ, Jenkins FJ et al (2017) Epinephrine
promotes COX-2-dependent immune suppression in myeloid cells
and cancer tissues [J]. Brain Behav Immun 62:78-86

Wong HP, Ho JW, Koo MW et al (2011) Effects of adrena-
line in human colon adenocarcinoma HT-29 cells [J]. Life Sci
88(25-26):1108-1112

Zhu P, Lu T, Chen Z et al (2022) 5-hydroxytryptamine produced
by enteric serotonergic neurons initiates colorectal cancer stem cell
self-renewal and tumorigenesis [J]. Neuron 110(14):2268-82.e4
Li T, Fu B, Zhang X et al (2021) Overproduction of gastrointes-
tinal 5-HT promotes colitis-associated colorectal cancer progres-
sion via enhancing NLRP3 inflammasome activation [J]. Cancer
Immunol Res 9(9):1008-1023

Sui H, Xu H, Ji Q et al (2015) 5-hydroxytryptamine receptor
(5-HT1DR) promotes colorectal cancer metastasis by regulat-
ing Axinl/fB-catenin/MMP-7 signaling pathway [J]. Oncotarget
6(28):25975-25987

Walcher L, Kistenmacher AK, Suo H et al (2020) Cancer stem
cells-origins and biomarkers: perspectives for targeted personal-
ized therapies [J]. Front Immunol 11:1280

Yu H, Qu T, Yang J et al (2023) Serotonin acts through YAP to
promote cell proliferation: mechanism and implication in colorec-
tal cancer progression [J]. Cell Commun Signal 21(1):75

Zhang N, Sundquist J, Sundquist K et al (2022) Use of selective
serotonin reuptake inhibitors is associated with a lower risk of
colorectal cancer among people with family history [J]. Cancers
(Basel) 14(23):5905

Chan YL, Lai WC, Chen JS et al (2020) TIAM2S mediates seroto-
nin homeostasis and provokes a pro-inflammatory immune micro-
environment permissive for colorectal tumorigenesis [J]. Cancers
(Basel) 12(7):1844

Sakita JY, Bader M, Santos ES et al (2019) Serotonin synthesis
protects the mouse colonic crypt from DNA damage and colorec-
tal tumorigenesis [J]. J Pathol 249(1):102-113

@ Springer



120

Page 16 of 16

International Journal of Colorectal Disease (2025) 40:120

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

Iwasaki M, Akiba Y, Kaunitz JD (2019) Recent advances in vaso-
active intestinal peptide physiology and pathophysiology: focus on
the gastrointestinal system [J]. F1000Research 8:F1000 Faculty
Rev-1629

Hejna M, Hamilton G, Brodowicz T et al (2001) Serum levels
of vasoactive intestinal peptide (VIP) in patients with adeno-
carcinomas of the gastrointestinal tract [J]. Anticancer Res
21(2a):1183-1187

Alleaume C, Eycheéne A, Caigneaux E et al (2003) Vasoactive
intestinal peptide stimulates proliferation in HT29 human colonic
adenocarcinoma cells: concomitant activation of Ras/Rap1-B-
Raf-ERK signalling pathway [J]. Neuropeptides 37(2):98-104
Cao Z, Singh B, Li C et al (2019) Protein kinase A-mediated phos-
phorylation of naked cuticle homolog 2 stimulates cell-surface
delivery of transforming growth factor-a for epidermal growth
factor receptor transactivation [J]. Traffic (Copenhagen, Denmark)
20(5):357-368

Sakamoto K, Kittikulsuth W, Miyako E et al (2023) The VIPR2-
selective antagonist KS-133 changes macrophage polarization and
exerts potent anti-tumor effects as a single agent and in combina-
tion with an anti-PD-1 antibody [J]. PLoS ONE 18(7):e0286651
Kasprzak A, Adamek A (2020) The neuropeptide system and colo-
rectal cancer liver metastases: mechanisms and management [J].
Int J Mol Sci 21(10):3494

Lei Y, He X, Huang H et al (2022) Nerve growth factor orches-
trates NGAL and matrix metalloproteinases activity to promote
colorectal cancer metastasis [J]. Clin Transl Oncol : Off Publ Fed
Spanish Oncol Soc Nat Cancer Inst Mexico 24(1):34—-47

Huang SM, Lin C, Lin HY et al (2015) Brain-derived neurotrophic
factor regulates cell motility in human colon cancer [J]. Endocr
Relat Cancer 22(3):455-464

Radin DP, Patel P (2017) BDNF: An Oncogene or Tumor Sup-
pressor? [J]. Anticancer Res 37(8):3983-3990

Brunetto DE Farias C, Rosemberg DB, Heinen TE et al (2010)
BDNF/TrkB content and interaction with gastrin-releasing
peptide receptor blockade in colorectal cancer [J]. Oncology
79(5-6):430-9

Tan X, Sivakumar S, Bednarsch J et al (2021) Nerve fibers in the
tumor microenvironment in neurotropic cancer-pancreatic cancer
and cholangiocarcinoma [J]. Oncogene 40(5):899-908
Hernandez S, Serrano AG, Solis Soto LM (2022) The role of
nerve fibers in the tumor immune microenvironment of solid
tumors [J]. Adv Biol 6(9):e2200046

Wang W, Li L, Chen N et al (2020) Nerves in the tumor microen-
vironment: origin and effects [J]. Front Cell Dev Biol 8:601738

@ Springer

68.

69.

70.

71.

72.

73.

74.

75.

76.

71.

78.

79.

80.

81.

Pu

Ceyhan GO, Demir IE, Rauch U et al (2009) Pancreatic neuropa-
thy results in “neural remodeling” and altered pancreatic innerva-
tion in chronic pancreatitis and pancreatic cancer [J]. Am J Gas-
troenterol 104(10):2555-2565

Winkler F, Venkatesh HS, Amit M et al (2023) Cancer neu-
roscience: state of the field, emerging directions [J]. Cell
186(8):1689-1707

Felten DL, Felten SY, Carlson SL et al (1985) Noradrenergic and
peptidergic innervation of lymphoid tissue [J]. J Immunol (Balti-
more, Md : 1950) 135(2 Suppl):755s-65s

Dantzer R (2018) Neuroimmune interactions: from the brain to the
immune system and vice versa [J]. Physiol Rev 98(1):477-504
O’Neill LA, Golenbock D, Bowie AG (2013) The history of toll-
like receptors - redefining innate immunity [J]. Nat Rev Immunol
13(6):453-460

Liu T, Gao YJ, Ji RR (2012) Emerging role of toll-like receptors
in the control of pain and itch [J]. Neurosci Bull 28(2):131-144
Dantzer R, Konsman J P, Bluthé RM et al (2000) Neural and
humoral pathways of communication from the immune system
to the brain: parallel or convergent? [J]. Autono Neurosci : Basic
Clin 85(1-3):60-5

da Mesquita S, Fu Z, Kipnis J (2018) The meningeal lymphatic sys-
tem: a new player in neurophysiology [J]. Neuron 100(2):375-388
Zhao H, Ming T, Tang S et al (2022) Wnt signaling in colorectal can-
cer: pathogenic role and therapeutic target [J]. Mol Cancer 21(1):144
Zhang M, Miao F, Huang R et al (2018) RHBDD1 promotes colo-
rectal cancer metastasis through the Wnt signaling pathway and its
downstream target ZEB1 [J]. J Exp Clin Cancer Res : CR 37(1):22
Underwood PW, Ruff SM, Pawlik TM (2024) Update on targeted
therapy and immunotherapy for metastatic colorectal cancer [J].
Cells 13(3):245

Cann CG, Lapelusa MB, Cimino SK et al (2023) Molecular and
genetic targets within metastatic colorectal cancer and associated
novel treatment advancements [J]. Front Oncol 13:1176950
Morris VK, Kennedy EB, Baxter NN et al (2023) Treatment of
metastatic colorectal cancer: ASCO guideline [J]. Journal of clini-
cal oncology : official journal of the American Society of Clinical
Oncology 41(3):678-700

Zhou J, Ji Q, Li Q (2021) Resistance to anti-EGFR therapies in
metastatic colorectal cancer: underlying mechanisms and reversal
strategies [J]. Journal of experimental & clinical cancer research :
CR 40(1):328

blisher's Note Springer Nature remains neutral with regard to

jurisdictional claims in published maps and institutional affiliations.



	Neural influences in colorectal cancer progression and therapeutic strategies
	Abstract
	Purpose 
	Methods 
	Results 
	Conclusion 

	Introduction
	Global burden and epidemiological significance of colorectal cancer
	Neuroanatomy and function innervation of the colorectum
	Abnormal neural innervation in colorectal cancer

	The role of the nervous system in tumor development
	Neurogenic regulation promotes colorectal cancer progression
	Neurogenic regulation promotes colorectal cancer brain metastasis
	Neurotransmitters in tumor growth
	Dopamine (DA)
	Acetylcholine (Ach)
	γ-Aminobutyric acid (GABA)
	Adrenalinenoradrenaline
	5-Hydroxytryptamine (5-HT)
	Blood vasoactive intestinal peptide (VIP)
	Neurotrophic factors
	The role of neural innervation in the tumor microenvironment (TME)
	Interplay between the nervous and immune systems

	Current status of targeted neurotherapy in colorectal cancer
	Conclusions and future perspectives
	References


